Mapping Relational Databases (RDB) to RDF is an active field of research. The majority of data on the current Web is stored in RDBs. Therefore, bridging the conceptual gap between the relational model and RDF is needed to make the data available on the Semantic Web. In addition, recent research has shown that Semantic Web technologies are useful beyond the Web, especially if data from different sources has to be exchanged or integrated. Many mapping languages and approaches were explored leading to the ongoing standardization effort of the World Wide Web Consortium (W3C) carried out in the RDB2RDF Working Group (WG). The goal and contribution of this paper is to provide a feature-based comparison of the state-of-the-art RDB-to-RDF mapping languages. It should act as a guide in selecting a RDB-to-RDF mapping language for a given application scenario and its requirements w.r.t. mapping features. Our comparison framework is based on use cases and requirements for mapping RDBs to RDF as identified by the RDB2RDF WG. We apply this comparison framework to the state-of-the-art RDB-to-RDF mapping languages and report the findings in this paper. As a result, our classification proposes four categories of mapping languages: direct mapping, read-only general-purpose mapping, readwrite general-purpose mapping, and special-purpose mapping. We further provide recommendations for selecting a mapping language.
INTRODUCTION
Mapping Relational Databases (RDB) to RDF is an active field of research. As reported in [14] , the majority of data on the current Web is stored in RDBs. Therefore, bridging the conceptual gap between the relational model and RDF is needed to make the data available on the Semantic Web. In addition, recent research has shown that Semantic Web technologies are useful beyond the Web, especially if data from different sources has to be exchanged or integrated (e.g., [31, 28, 27] ).
Many approaches were explored to make relational data available to Semantic Web-enabled applications. Depending on the requirements, these approaches introduced mapping languages that range from simple and pragmatic to highly specific or general-purpose. This lead to the ongoing standardization effort of the World Wide Web Consortium (W3C) carried out in the RDB2RDF Working Group 1 (WG). The mission of the RDB2RDF WG as defined in their charter [20] is to standardize a language for mapping relational data and relational database schemas into RDF and OWL. Although a standard mapping language is under development, we argue in this paper that alternative languages still have a right to exist as they may provide features or simplicity required in certain use cases that the standard mapping language cannot provide or explicitly excludes.
The goal and contribution of this paper is to provide a feature-based comparison of the state-of-the-art RDB-to-RDF mapping languages. It should act as a guide in selecting a RDB-to-RDF mapping language for a given application scenario and its requirements w.r.t. mapping features. Our comparison framework is based on use cases and requirements for mapping RDBs to RDF as identified by the RDB2RDF WG. We apply this comparison framework to the state-of-the-art RDB-to-RDF mapping languages and report the findings in this paper. As a result, our classification proposes four categories of mapping languages: direct mapping, read-only general-purpose mapping, read-write general-purpose mapping, and special-purpose mapping. We further provide recommendations for selecting a mapping language.
The remainder of this paper is structured as follows. Section 2 presents existing surveys related to RDB-to-RDF mapping and Section 3 introduces the mapping languages covered in this comparison. The framework we use for comparing the mapping languages is defined in Section 4. Features are extracted from the document Use Cases and Requirements for Mapping Relational Databases to RDF [32] produced by the RDB2RDF WG. Additional features which recently gained attention in the research community [23, 7, 11] complement the comparison framework. In Section 5, we apply the comparison framework to the presented mapping languages and we discuss the results on a feature-byfeature basis. Section 6 classifies the mapping languages into four categories and provides recommendations for selecting a mapping language.
RELATED WORK
The W3C RDB2RDF Incubator Group 2 (XG) produced A Survey of Current Approaches for Mapping of Relational Databases to RDF [34] as part of their mission. It surveys current techniques, tools, and applications for mapping between RDBs and RDF. A survey reference framework is defined that covers aspects such as mapping creation, representation and accessibility, application domain, support for data integration as well as the implementation of the mapping, i.e., static Extract Transform Load (ETL) versus dynamic query translation. Compared to this paper the survey of the RDB2RDF XG has a different scope. While we focus on the individual features of the mapping languages, the RDB2RDF XG survey is focused on the overall approach and implementation of the mappings. The mapping languages are only briefly addressed on a higher level and are not compared on a feature-by-feature basis.
The W3C Semantic Web Advanced Development for Europe 3 (SWAD-Europe) dedicates two brief sections of their Deliverable 10.2 [5] to RDB-to-RDF mapping. It contains general remarks on RDB-to-RDF mapping and refers to two implemented mapping tools. Due to the early publication of this report in 2003, it could not include many of the mapping languages covered in this paper because they were developed and/or published after the release of the SWAD-Europe deliverable.
MAPPING LANGUAGES
In this section, we briefly introduce the mapping languages covered by this comparison. To be included, a mapping language needs to a) have a clear focus on mapping RDBs (i.e., other tabular data such as spreadsheets are not covered) and b) be general applicable (i.e., not a domainspecific solution).
Direct Mapping: In [6] , a direct approach for mapping RDBs to the Semantic Web is proposed. It maps relational tables to classes in an RDF vocabulary and the attributes of the tables to properties in the vocabulary. The goal is to expose a RDB on the (Semantic) Web to make extra statements about it. The URIs of the instances as well as those of the vocabulary classes are generated automatically based on the RDB schema and data.
The focus of [25] is on the automatic discovery of mappings and not on their representation. The result is a simple table-to-class and attribute-to-property mapping extended with heuristics to find implicit subclass relationships in the RDB schema.
SquirrelRDF [37] is another implementation of the direct mapping as proposed in [6] . Its mapping is raw,
i.e., the classes and properties of the target RDF vocabulary are generated from the names in the RDB schema. Mapping to a domain ontology is postponed to a later stage and is performed by RDF-based tools.
All three mappings use a similar direct approach for RDB-to-RDF mapping. We therefore summarize them under the term Direct Mapping.
eD2R: The case study described in [3] uses eD2R for the RDB-to-RDF mapping. eD2R is an extension of D2R MAP [9] with the goal of covering mapping situations involving databases that are lightly structured or not in first normal form [18] . R2RML: R2RML [15] is the mapping language of the ongoing work by the W3C RDB2RDF WG to standardize RDB-to-RDF mappings. The goal is to define a vendor-independent mapping language for read-only data access.
R3M: R3M [24] is the mapping language of the OntoAccess 4 mediation platform [22] . As an update-aware mapping language it enables bidirectional RDF-based access to the RDB, i.e., read and write access is supported. R3M employs a RDF-based syntax that contains the mappings of tables to classes and attributes to properties as well as information about integrity constraints.
COMPARISON FRAMEWORK
In this section, we introduce the framework used for comparing the RDB-to-RDF mapping languages presented above. It is based on the document Use Cases and Requirements for Mapping Relational Databases to RDF [32] of the W3C RDB2RDF Working Group 5 (WG). Extensions are made in the area of RDF-based write access, a feature not addressed by the W3C RDB2RDF WG that lately gained attention from the research community [23, 7, 11] .
A direct approach for mapping RDBs to the Semantic Web was proposed in [6] . It maps (physical) relational tables to classes in an RDF vocabulary and relational attributes to properties in that vocabulary. We consider this to be the most basic mapping and we require that a mapping language supports at least this kind of mapping to be included in the comparison. Therefore, these two features are not explicitly represented in the comparison framework but are assumed to hold implicitly.
We now enumerate the features that define the framework our comparison of RDB-to-RDF mapping languages is based on. [26] of common SQL datatypes to the XML datatypes [8] used in RDF, the information about datatypes might be of value. Feature F9 enables the explicit representation of datatype information in the mapping.
F1 Logical
F10 Named Graphs: RDF data sets may consists of multiple named graphs. A mapping may therefore assign certain parts of a RDB to a specific named graph. Feature F10 enables the support of named graphs in the RDB-to-RDF mapping.
F11 Blank Nodes:
Blank nodes are used in RDF to represent instances that have no RDF URI reference identifier but are distinct in an RDF graph [29] , i.e., they are a form of existential quantification [21] . One common usage of blank nodes is in structured property values (e.g., structuring an address consisting of street, postal code, and city). In the case of RDB-to-RDF mapping they may also be used to represent RDB records without a primary key. Feature F11 enables support for generating blank nodes. Based on this set of fifteen features we compare the mapping languages presented in Section 3 and discuss important differences in feature support and the resulting consequences for RDB-to-RDF mapping systems.
F12 Integrity
Constraints: Integrity constraints provide a basic mechanism of semantics in RDBs. We distin
DISCUSSION
In this section, we discuss the RDB-to-RDF mapping languages presented in Section 3. The discussion is structured according to the features of the comparison framework introduced in Section 4. We mostly limit the discussion to the mapping language that either support a feature partially or not at all. If a mapping language is not mentioned in the discussion of a feature, the reader may assume that it supports the feature. See also Table 1 for a summary. a table multiple times with a subset of the attributes is possible while mapping a table multiple times based on the value of a discriminator attribute is not. Virtuoso, D2RQ, Triplify, and R2RML again rely on the power of a SQL-based mapping to support this feature. R3M allows the mapping of one table to n classes in a restricted form. To preserve bidirectional data access, the constraints defined on a table must not be violated in a mapping. For example, if a table contains an attribute with a not null constraint, this attribute must be mapped to each class because it must be set for each record. Otherwise, it is not possible to insert any instances of this class.
F1 Logical

F15
Write Support: Support for RDF-based write access to the RDB is influenced by multiple of the other features, but some mapping languages address write support explicitly while others choose a feature set that renders write support impractical. The Direct Mapping could support write access as it represents the RDB schema directly in RDF. However, none of the existing approaches that apply the Direct Mapping consider write access explicitly in their feature set.
Relational.OWL with its data exchange background obviously provides write support. R3M as a bidirectional approach does so as well. The other mapping languages were all designed with read-only use cases in mind. Attempts were made to add write support to some of the read-only languages (e.g., D2RQ/Update 6 for D2RQ or [19] for R2RML), but it was also shown that this requires restrictions to the mapping languages resulting in existing mapping definitions to be no longer valid in the restricted approaches.
CONCLUSION
In this paper, we presented a feature-based comparison of the state-of-the-art RDB-to-RDF mapping languages.
Based on feature support, the mapping languages are classified into four categories: direct mapping, read-only generalpurpose mapping, read-write general-purpose mapping, and special-purpose mapping.
Direct Mapping: The direct mapping, as its name implies, is a direct approach for RDB-to-RDF mapping. Aimed at providing simple means to map RDBs to RDF it does not fully support any of the additional features used in this comparison. Therefore, peculiarities of the relational model such as link tables remain in the RDF representation, although RDF does note require such helper constructs as it provides direct means to model these relationships. The advantage of this mapping is its simplicity to understand and implement the language. It is therefore recommended in application scenarios where a direct representation of the relational schema is acceptable and simplicity is of higher value.
Read-only General-purpose Mapping: Read-only general-purpose mapping languages (Virtuoso, D2RQ, and R2RML) are very similar w.r.t. the features they support. The differences are in features not directly related to the expressiveness of the mappings, namely support for named graphs (F10) and static metadata (F13). Virtuoso provides support for named graphs (F10) but not for static metadata (F13). The opposite is the case in D2RQ, no support for named graphs (F10) is provided, but static metadata (F13) can be specified. R2RML supports both features.
These mapping languages enable a highly expressive bridging of the conceptual gap between RDF and the relational model. However, this higher expressiveness also implies an increased complexity that results in an unidirectional mapping, i.e., bidirectional read and write access to the data is impractical. Understanding and implementing the mapping languages may also require a higher learning effort. Due to their high expressiveness, mapping languages of this category can be recommended for various application scenarios as long as the usage is limited to read-only data access.
In choosing a specific mapping language of this category, aspects not related to feature support may influence the decision such as implementation maturity, standards compliance, or licensing terms.
Read-Write General-purpose Mapping: R3M can be classified as a general-purpose mapping language as well, but it has the additional goal of providing bidirectional (i.e., read and write) data access to the RDB. This explains most of the differences in feature support compared to the read-only general-purpose mapping languages. The most important difference is that in R3M the mapping of logical tables (F1) can not be allowed arbitrarily due to the view update problem [2] . The definition of select conditions (F4) that decide about the inclusion of a record in the RDF representation must also be restricted to preserve write access. Conditions based on inequalities (e.g., less than <) result in ambiguities if new data should be inserted. For example, imagine a mapping where a table person that represents people of all ages should be (partially) mapped to a concept Adult that represents people of the age 18 or older. For this, a select condition must be defined on the attribute year of birth of the person table, namely that its value is less than 1993. If now a new instance of the concept Adult should be inserted into the RDB that does not explicitly contain a value for year of birth, it remains ambiguous what value should be set for this attribute as any value less than 1993 satisfies the select condition. Therefore, select conditions have to be restricted to equality (=) conditions. Furthermore, support for integrity constraints (F12) is extended to other constraints such as not null, unique, and check to enable the detection of invalid write requests, e.g.,, detecting missing data for a not null attribute.
In summary, the mapping language of this category provides a more expressive bridging of the conceptual gap between the relational model and RDF than the mapping approaches of the direct mapping. Peculiarities of the relational model such as link tables are not transferred to the RDF representation. This mapping language is, however, less expressive than the readonly general-purpose mapping languages, but this is required to guarantee support for write access. R3M as the sole mapping language of this category is recommended for application scenarios where RDF-based read and write access to the relational data is needed.
Special-purpose Mapping: Mapping languages such as eD2R, R2O, and Triplify were developed for specific use cases and are obviously influenced by those use cases in the features they support. This does not necessarily result in a loss of expressiveness or applicability compared to the general-purpose languages. The differences are mostly limited to a few features such as support for named graphs (F10), blank nodes (F11), or static metadata (F13). None of the mapping languages in this category provide support for named graphs (F10) or static metadata (F13). Blank nodes (F11) are supported by eD2R and R2O but not by Triplify. The use case of Relational.OWL, however, is highly specialized and does therefore neither implement nor require many of the described features.
The mapping languages of this category were developed for their specific application scenarios and are therefore recommended for application in closely related scenarios where the general-purpose mapping languages are not applicable or too complex.
Virtuoso, Triplify, R2RML, and to some extent D2RQ are mapping languages that rely heavily on SQL to implement the mapping. While on the one hand this yields certain advantages, it also entails serious drawbacks. The key benefit is that it allows one to reuse the power of the SQL language in defining views over the relational data. This pushes the main mapping work to the database system and therefore reduces implementation effort. On the other hand, there are two major drawbacks. First of all, in using SQL as the mapping language the semantics of the mapping is hidden in SQL strings and is therefore not easily accessible, i.e., not without parsing the SQL strings. Second, mappings based on SQL views suffer from the same problem w.r.t. write access as standard SQL views, namely the view update problem [2] . History showed that trying to add write access to a mapping or a view definition language is in general impractical (cf. discussion of F15 Write Support in Section 5). Existing mapping or view definition languages would have to be restricted to a subset of the original language to provide general support for write access to the data (e.g., [13] ). This renders existing mapping/view definitions incompatible with the restricted languages. As a result, existing mapping/view definitions need to be rewritten, invalidating one of the top argument for reusing existing mappings. In certain mapping cases it might not even be possible to adapt the mapping because it uses some of the features that render the mapping language read-only.
The situation in the current read-only mapping languages resembles the introduction of SQL views where write access was also not addressed from the beginning. Even the ongoing standardization work by the W3C RDB2RDF WG explicitly defines write access to the data as out of scope [20] . This trend leads to a situation where RDB-to-RDF data sets are not on par with native RDF data sets, but limited to read-only application scenarios. Currently, there is no high demand for write access to RDF data as the present SPARQL 1.0 [33] recommendation is limited to readonly queries and no standard data manipulation approach for RDF exists. However, the upcoming SPARQL 1.1 recommendation includes the update language for RDF called SPARQL 1.1 Update [35] and the SPARQL 1.1 Graph Store HTTP Protocol [30] , which will increase the demand for write access. Write access should be possible irrespective of the source of the data being a native RDF triple store or a mediated RDB. Approaches such as R3M exist that address this problem.
In summary, we showed that based on feature support the state-of-the-art RDB-to-RDF mapping languages can be classified into four categories: direct mappings that provide simple means to represent RDB schemata and data in RDF; general-purpose mapping languages that provide highly expressive RDB-to-RDF mappings, but are limited to readonly data access; general-purpose mapping languages that are less expressive but enable a bidirectional (i.e., read and write) data access; and special-purpose mapping languages with a feature set tailored to specific application scenarios. We further provided recommendations for selecting a mapping language.
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